There have been numerous efforts to increase the efficiency of solid-state lighting, lightemitting diodes (LEDs) and displays during the last decades. [1] [2] [3] As the technologies for fabricating GaN-based LEDs and for synthesizing semiconductor colloidal nanocrystals (NQDs) mature, hybrid NQD-GaN LEDs are becoming promising candidates for highly efficient multi-color lighting. The high quantum yield and photostability of colloidal NQDs offer the possibility for flexible, low cost, large area, and simply-processed optoelectronic devices, while their emission color can be tuned from the visible to the near infrared range by either changing their size or chemical composition.
There have been numerous efforts to increase the efficiency of solid-state lighting, lightemitting diodes (LEDs) and displays during the last decades. [1] [2] [3] As the technologies for fabricating GaN-based LEDs and for synthesizing semiconductor colloidal nanocrystals (NQDs) mature, hybrid NQD-GaN LEDs are becoming promising candidates for highly efficient multi-color lighting. The high quantum yield and photostability of colloidal NQDs offer the possibility for flexible, low cost, large area, and simply-processed optoelectronic devices, while their emission color can be tuned from the visible to the near infrared range by either changing their size or chemical composition. [4] Also the epitaxial growth of GaN has now reached the stage where GaN-based LEDs have an internal quantum efficiency of 80%. [5] Although their external quantum efficiency is inevitably limited by total internal reflection due to the high refractive index contrast with air, several approaches to improve the outcoupling efficiency have been realised implementing smart photonic crystal and waveguide designs. [6, 7] Color conversion LEDs consisting of colloidal NQD emitters pumped by GaNbased LEDs overcome the drawback of NQDs, i.e. low carrier transfer. [8] A thin NQD layer deposited on LED surface absorbs the high energy photons that are electrically generated in the LED and subsequently reemits lower energy photons. As a result, there is no charge transfer among colloidal NQDs involved in this color conversion process. However, the efficiency of radiative energy transfer is relatively low, <10%, due to several energy loss steps in the transfer process, i.e. waveguided leaky mode losses, light scattering from the NQDs and 2 the reduced efficiency of emission in the blue, absorption and reemission at longer wavelengths from the NQD layers.
A number of approaches to improve the efficiency of electrical carrier injection into NQD emitters are of interest. A blend of semiconducting polymers and NQDs, for instance, employs the comparatively better carrier transfer properties of the semiconducting polymers to inject carriers into NQDs. [1, 2] Integration of NQD monolayers directly into a semiconductor p-n junction diode possessing high carrier mobility was alternatively demonstrated. [9] Nevertheless, the performance of these devices is not comparable with conventional epitaxial semiconductor LEDs. The problems of charge imbalance at the emissive layer associated with different charge transport efficiency of polymer transport layers and the difficulties in integrating NQDs into a semiconductor p-n junction diode remain challenging. A new scheme of pumping NQDs by using nonradiative energy transfer has been demonstrated both theoretically [10, 11] and experimentally. [12, 13] Nonradiative energy transfer is a dipole-dipole interaction between donors and acceptors where the excitation energy of a donor is transferred to an acceptor. [14] The nonradiative energy transfer rate ( ET k ) scales linearly with spectral overlap and is proportional to C R  , where R is the donor-acceptor separation distance and C is a constant.
For example, C = 2 or 6 describes layer to layer or point dipole to dipole energy transfer respectively. [15, 16] In either case, to increase the energy transfer rate and consequently color conversion efficiency, the donor-acceptor separation distance has to be minimized. Hence, for colloidal NQD/multiple quantum well (QW) LED configuration, the QW barrier and the top contact layer has to be as thin as possible, while remaining thick enough in order to minimize surface recombination of injected carriers and to allow for uniform spreading of the injected carriers over the active layers.
In this report, we propose a novel method for utilizing nonradiative energy transfer in color conversion lighting by depositing bright colloidal NQDs on surface-patterned GaN- Time-resolved data of the shallow etched LED and deep etched LED are illustrated in Fig. 3a and 3b respectively. The inset of Fig. 3a shows a streak image and the energy window used to extract the QW dynamics. The carrier dynamics of the unetched QWs with (green solid line) and without (red solid line) deposited NQDs are virtually identical. These results suggest that in the NQD/shallow etched LED where donor-acceptor distance is large, i.e. 100 nm, nonradiative energy transfer does not occur. Hence, carriers in deposited NQDs are only generated from conventional radiative energy transfer. In contrast, carrier dynamics of the 6 etched QWs change after depositing NQDs as shown in Fig. 3b . The QW photoluminescence with deposited NQDs decays slightly faster over the first 4 ns and slower at later time compared to the bare QW. We interpret the faster decay as an effect of nonradiative energy transfer that introduces an additional decay channel for carriers in the QW. The slower decay at later times is believed to be an effect of surface passivation of the etched QWs from the organic ligands of the deposited NQDs. [19] Since not all electron-hole pairs in the QWs undergo nonradiative energy transfer, we categorize the electron-hole pairs into two groups, i.e. the ones that undergo energy transfer and the ones that do not. As nonradiative energy transfer rate decreases dramatically with increasing donor-acceptor distance, electron-hole pairs close to the slots filled with NQDs (~10 nm distance) can undergo nonradiative energy transfer but the electron-hole pairs further away do not. The photoluminescence decay of the QW can be approximated with an exponential for the first 4 ns as shown in the inset of Fig. 3b . To extract the actual nonradiative energy transfer rate ( ET k ) and the percentage of electron-hole pairs that undergo nonradiative energy transfer, we approximate and fit the photoluminescence decay of the QWs in the presence of the NQDs with the following equation,
where A and B are the fraction of electron-hole pairs that undergo and do not undergo nonradiative energy transfer respectively. capping layer was present to separate a single QW from NQDs. [20] The absence of any barrier in this study allows for even higher nonradiative energy transfer efficiency to be observed.
Using the SEM images of our sample, as shown in Fig. 1c , to obtain the total perimeter of the slots we can estimate that nonradiative transfer occurs from only 2.3% of the QW material, assuming the process occurs from a 10 nm thick layer in the QWs. Thus under uniform excitation of our structure only ~3% of all the generated excitons in the active layer would undergo energy transfer in a static picture, which is approximately a third of the value we obtain from fitting the photoluminescence decay. However, exciton diffusion from regions , where m * is the effective mass, and  is the carrier mobility. Although the carrier mobility in InGaN/GaN QWs varies widely in the literature [21, 22] for a momentum scattering time in the range of 0.01 ps to 1 ps we obtain that ~18% of excitons undergo 
